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Abstract 

Very few measurements campaigns have conducted ground-based, radio-
frequency propagation field measurement campaigns conducted in deep 
mountainous terrain, and none have focused on the non-line-of-sight 
channel in mountain shadow zones. Here, we introduce a versatile, 
spread-spectrum, portable channel sounder specifically designed to meas-
ure the non-line-of-sight, ultra-high-frequency channel in mountainous 
terrain. The receiver is backpack mounted for ease of transport into re-
mote, mountainous locations that are kilometers from the transmitter and 
inaccessible to vehicles of any kind. The system uses software-defined ra-
dios to transmit and capture a wideband pseudorandom noise waveform 
and maintains synchronization using reference signals from rubidium 
clocks trained by global positioning system signals. A clock holdover capa-
bility maintains system synchronization within tens of nanoseconds even 
when global positioning system signals are unavailable. System synchroni-
zation allows for coherent captures up to 60 seconds in duration and pro-
vides a dynamic range of more than 30 decibels. The system exhibits a 
timing uncertainty of ±145 nanoseconds, corresponding to ±44 meters. 
Measured channel power–delay profiles are verified using geospatial anal-
yses. Initial results suggest that local topography strongly affects channel 
time dispersion characteristics and that a given set of channel conditions 
cannot be readily generalized to cover an entire mountainous region. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

The non-line-of-sight (NLOS) radio-frequency (RF) channel for ground 
communications in mountainous terrain exhibits multipathed and delayed 
behavior, causing intersymbol interference and equalization issues at the 
receiving station (Chuang 1987; Breton and Arcone 2015). Bistatic travel 
time between a transmitter (Tx) and receiver (Rx) is oftentimes tens of mi-
croseconds (de Weck et al. 1988; Driessen 1990, 1991, 1992, 2000; 
Raekken et al. 1991; Mohr 1993; Sousa et al. 1994) and can even exceed 
100 µs in mountainous terrain (Driessen 1990; Raekken et al. 1991). Typi-
cal forms of infrastructure, such as repeaters or cell towers, may not pro-
vide complete coverage, if such infrastructure exists at all, a common sce-
nario encountered in areas of military conflict or in the backcountry.  

A variety of materials and land coverage types exist in mountainous ter-
rain; and topographic features vary from smooth, forested slopes to scree 
and boulder fields, wet drainages to exposed bedrock summits. Surface 
roughness may be on the order of the signal wavelength (λ) or greater, re-
sulting in diffuse scattering (Driessen 1990; Lu et al. 2013). The influence 
of these heterogeneous, rough surfaces on RF propagation, specifically 
topographic reflection, is not rigorously understood. Lambertian scatter-
ing and channel reciprocity are assumed valid (Lu et al. 2013; Lu and Ber-
toni 2013); but the literature lacks experimental data to support these as-
sumptions, particularly in NLOS channels in the mountains. These consid-
erations make mountainous terrain a complex problem for RF propagation 
and communication planning tools. Furthermore, mountainous locations 
pose significant challenges for experimental research given a general lack 
of road access, exposure to the elements, difficulties transporting meas-
urement hardware, and so on. 

The literature focuses on the characterization of the RF channel near 
mountainous terrain (Zogg 1987; de Weck et al. 1988; Driessen 1990, 1991, 
1992, 2000; Maeyama et al. 1993; Mohr 1993; Lu et al. 2013; Lu and Ber-
toni 2013). These efforts emphasize channel statistics between communi-
cating stations that are line-of-sight (LOS) or NLOS on relatively flat 
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ground with mountains nearby, not the channel between stations located 
deep within mountainous terrain, especially those at different elevations. 

1.2 Objectives 

The objectives of this project are (1) to create a method of experimentally 
quantifying the time dispersion and multipath characteristics of the 
ground-to-ground NLOS ultra-high-frequency (UHF) channel in moun-
tainous terrain and (2) to generate an experimental basis for guiding the 
creation of a deterministic approach to predicting channel behavior for 
ground communications in the mountains. 

1.3 Approach 

To accomplish these objectives, we developed a spread-spectrum, foot-
portable, software-defined, radio-based channel sounding system that is 
the first of its kind. The sounding system measures channel power–delay 
profiles in deep mountainous terrain, which provide valuable channel time 
dispersion and multipath information. In this report, we present bistatic 
channel measurements from three remote, mountainous areas in New 
Hampshire. We use geospatial analyses to validate system operation and 
to examine the influence of local topographic features on individual 
power–delay-profile curves. Through this work, we contribute to a deter-
ministic approach to understanding the channel in mountainous terrain 
given equipment parameters and terrain information. 
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2 Channel Measurement Methods 

2.1 Channel sounding 

Channel sounding is an experimental technique used to measure the 
transfer function of a propagation environment. In the RF field, this trans-
fer function is otherwise known as the RF channel. The technique involves 
the transmission and capture of a known test signal between sounding sta-
tions, commonly followed by cross-correlation of the received signal with 
the original signal (Papazian and Lemmon 2011). We developed a channel 
sounding system specifically for measuring the bistatic, NLOS, UHF chan-
nel in mountainous terrain. The channel sounding system uses a wideband 
sounding signal. The term “wideband” implies that the signal is wider in 
bandwidth than that used by typical radio systems (Newhall et al. 1996), so 
the system is capable of capturing signal delay and multipathing effects 
throughout a study area. 

2.2 Multipath channel model 

The RF channel can be thought of as a time-domain transfer function, h[t], 
which is commonly referred to as the channel impulse response (CIR). The 
CIR model for a bistatic multipath channel is (Rappaport 2002; Salous 
2013) 

 
ℎ[𝑡𝑡] = �𝛼𝛼𝑖𝑖𝑒𝑒𝑗𝑗𝜑𝜑𝑖𝑖𝛿𝛿(𝑡𝑡 − 𝜏𝜏𝑖𝑖)

𝐿𝐿

𝑖𝑖=1

. (1) 

Here, L is the total number of multipath components in the channel, and 
αi, φi, and τi are the amplitude, phase, and delay of the ith multipath com-
ponent, respectively. Multipath components arrive at the Rx at different 
delay times with a range of amplitudes and phases. The phase, φi, depends 
on the component path length and changes by 2π when the path length 
changes by a wavelength. Multipath component amplitudes assume a 
range of statistical behaviors between a Rayleigh distribution, when no 
single dominant propagation path exists in the channel, and a Rician dis-
tribution, when a dominant and relatively high-power multipath compo-
nent exists in the channel (Gans 1972; Sklar 1997). A channel with Ray-
leigh-distributed signal amplitude will exhibit uniformly distributed phase 
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over [0,2π) (Doukas and Kalivas 2006). A channel with Rician-distributed 
signal amplitude will have a phase distribution that is nonuniform over 
[0,2π), biased to the phase of the dominant component. In a complex envi-
ronment (e.g., in mountainous terrain), one or both component distribu-
tions will be relevant depending on the geometry of the communicating 
stations and the positioning of features and obstacles (e.g., topography). 

2.3 Channel impulse response approximation 

The CIR, h[t], relates the complex-valued transmitted signal (i.e., input), 
x[t], and the complex-valued received signal (i.e., output), y[t], via the 
convolution function (Papazian and Lemmon 2011), which is 

 𝑦𝑦[𝑡𝑡] = 𝑥𝑥[𝑡𝑡] ∗ ℎ[𝑡𝑡] + 𝑛𝑛[𝑡𝑡]. (2) 

Here, * is the convolution operator, and n[t] is an additive noise term. The 
explicit, discrete time representation of equation (2) is 

 
𝑦𝑦[𝑡𝑡] = � ℎ[𝜏𝜏]𝑥𝑥[𝑡𝑡 − 𝜏𝜏] + 𝑛𝑛[𝑡𝑡].

∞

𝜏𝜏=−∞

 (3) 

Here, τ is delay time or the travel time of a signal between two stations. 
The discrete time representation of cross-correlation between two N-ele-
ment long, stationary, complex-valued signals, x1 and x2, is approximated 
by 

 
𝑅𝑅12[𝑘𝑘] =

1
𝑁𝑁 + 1

� �̅�𝑥1[𝑚𝑚]𝑥𝑥2[𝑚𝑚 + 𝑘𝑘].
𝑁𝑁

𝑚𝑚=0

 (4) 

Here, �̅�𝑥1 denotes the complex conjugate of x1, and the parameter k is any 
integer. (If two signals are not of equal length, the shorter signal can be 
zero padded until it is of equal length to the longer signal.) In the fre-
quency domain, cross-correlation is approximated by the product of the 
Fourier Transforms of �̅�𝑥1and 𝑥𝑥2, 

 𝑅𝑅12 ≅ 𝐹𝐹−1�𝐹𝐹(�̅�𝑥1)𝐹𝐹(𝑥𝑥2)�, (5) 
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where F−1(·) is the Inverse Fast Fourier Transform, and 𝐹𝐹(·) is the Fast 
Fourier Transform. Importantly, the frequency-domain definition of cross-
correlation does not include normalization, which has important implica-
tions for the amplitude of the result, 𝑅𝑅12. For the present study, the cross-
correlation result is normalized to the highest value in 𝑅𝑅12, and  results are 
presented in units of normalized power in decibels. This concept is dis-
cussed in more detail in section 2.8. 

Using equation (5), correlating each side of equation (3) with a transmit-
ted signal, x[t], yields 

 𝑅𝑅𝑥𝑥𝑥𝑥[𝜏𝜏] = ℎ[𝜏𝜏] ∗ 𝑅𝑅𝑥𝑥𝑥𝑥[𝜏𝜏]. (6) 

Here, Rxy is the cross-correlation function of x[t] and y[t], and Rxx is the 
autocorrelation function of x[t]. The additive noise component is dropped 
because x[t] and n[t] are assumed to be uncorrelated (Papazian and Lem-
mon 2011). 

A useful channel sounding waveform is a pseudorandom noise (PN) se-
quence (Cox and Leck 1975; Bultitude 1987; Rappaport 2002; Salous 
2013). A PN sequence has beneficial autocorrelation properties. That is, 
the autocorrelation of a PN sequence is very low at all nonzero shift values. 
At a shift value of zero, the correlation value is relatively high. The longer 
the PN sequence, the more the autocorrelation, Rxx, resembles a delta 
function (Rappaport 2002). By the sifting property of the delta function, 
when Rxx resembles a delta function, Rxy becomes a good approximation of 
the CIR, h[τ]. (The dependence of CIR estimation on PN sequence length 
has been studied, for example, by Novosel and Šišul (2014); but such anal-
ysis goes beyond the scope of this paper. Section 2.6 discusses the PN 
length chosen for the channel sounding system in the present study.) As-
suming that Rxx is very similar to a delta function, the following adjust-
ment to equation (6) is justified:  

 𝑅𝑅𝑥𝑥𝑥𝑥[𝜏𝜏] ≅ ℎ[𝜏𝜏] (7) 

Thus, if Rxx resembles a delta function and Rxy can be measured, an ap-
proximation of the CIR is possible. 
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The Wide-Sense Stationary Uncorrelated Scattering (WSSUS) channel 
model assumes that radio channels are stationary over short periods of 
time and over short spatial distances, fading statistics do not change over 
short periods of time, the autocorrelation function is independent of abso-
lute time, and power contributions from different multipath components 
are uncorrelated. The WSSUS model is assumed valid for the bistatic 
channels investigated in this work so that the measured CIR is considered 
a representative approximation of the channel (Papazian and Lemmon 
2011). Multipath channels that satisfy the WSSUS model fall into two cate-
gories: LOS channels exhibiting Rician-distributed signal amplitudes and 
NLOS channels exhibiting Rayleigh-distributed signal amplitudes. An in-
depth explanation of the WSSUS model is given in Salous (2013). 

2.4 Channel sounding for the power–delay profile 

The power–delay profile is the average squared magnitude of all CIR 
traces in a continuous channel sounding measurement. A delay profile 
provides useful channel delay and multipathing information and is defined 
as (Cox and Leck 1975; Durgin et al. 2003) 

 𝑃𝑃[𝜏𝜏] = 10 log10〈|ℎ[𝜏𝜏]|2〉. (8) 

A power–delay profile includes all multipath component power contribu-
tions in the channel. The power of each data point in a profile is the sum of 
all power contributions from equal-length, bistatic components that arrive 
at the Rx at the same time (i.e., within the same delay bin). Our system ex-
perimentally approximates the channel power–delay profile by measuring 
Rxy in equation (7). 

2.5 System hardware 

The single-input, single-output channel sounding system comprises a ded-
icated Tx station and a separate, dedicated Rx station, both of which are 
portable on foot. The backpack-mounted Rx allows for the measurement 
of bistatic, NLOS channels from in deep mountainous terrain. Each sound-
ing station uses an Echo Ridge LLC Mini Wireless Instrumented Stream-
ing Platform (mWISP), which is software-defined radio (SDR)–based, 
containing an Ettus Research N200 Universal Software Radio Peripheral 
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(USRP) and Ettus Research UBX daughterboard. To our knowledge, this is 
the first foot-portable, SDR-based system of its kind. 

The SDR system is versatile with respect to signal frequency and band-
width parameters and is capable of transmitting arbitrary sounding wave-
forms. This versatility allows the system to readily measure channels 
across the UHF spectrum and to switch between different sounding wave-
forms. Each station mWISP is controlled via Ethernet connection to a 
Getac B300 field laptop. 

The system has the following features: operational frequency range of 20 
to 4200 MHz, 25 MHz maximum transmission bandwidth, 20 W maxi-
mum transmission power, portable 23 kg Rx backpack unit with battery 
capacity for over 6 hours of continuous operation, and 500 GB of onboard 
disk space for storing 1.2 hours of captured data at a maximum Rx sam-
pling rate of 25 MS/s. The Tx design for the 2016 field season was portable 
on foot in a large waterproof case but had to be collapsed for moving be-
tween locations. 

Each mWISP USRP uses a one pulse per second (1 PPS) global positioning 
system (GPS) signal and a 10 MHz frequency signal as timing references. 
The reference signals are generated by a GPS-disciplined oscillator 
(GPSDO) in a FEI-Zyfer NanoSync IV rubidium (Rb) clock with each sta-
tion. Each clock provides a holdover capability through which the GPSDO 
maintains a high-fidelity 1 PPS signal even when a GPS signal is not availa-
ble, which is known to occur in deep mountainous terrain. The external 
clocks maintain system synchronization within tens of nanoseconds even 
when the stations are separated by several kilometers, are NLOS to each 
other, and do not have a reliable GPS signal. 

Notably, system coherency allows for continuous capture durations up to 
60 s. Coherency describes the case that the channel sounding Tx is contin-
uously synchronized in time with the Rx, and delay time calibration (e.g., 
by referencing a known LOS component) during postprocessing is un-
needed. While not rigorously investigated in the present study, our analy-
sis suggests that 1 second is sufficient time for approximating the bistatic 
CIR even in noisy environments. All power–delay profiles presented in the 
Results section of this report were generated using 5-second captures. 
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The power consumption of each mWISP unit is 50 W. The mWISP internal 
battery allows for 1.5 hours of continuous operation; and with the addition 
of an external, solid-state, 24 VDC, 10 A-h LiFePO4 (lithium iron phos-
phate) Powerizer battery, the mWISP can operate continuously for over 6 
hours. The Rb clock power consumption is approximately 20 W and with 
one LiFePO4 battery is capable of operating continuously for over 8 hours. 
The Tx power amplifier power consumption is 85 W and with one LiFePO4 
battery is capable of operating continuously for over 2 hours. Given that 
the power amplifier is powered on only during transmissions, a single bat-
tery is sufficient for a full day of channel sounding. Each Getac field laptop 
uses two removable battery packs, collectively allowing for over 8 hours of 
continuous operation with a screen brightness of 70 percent. In summary, 
the entire system is capable of operating solely on battery power for over 6 
hours with current battery resources. 

Figure 1.  The 23 kg station backpack: (a) from top to bottom, Getac B300 field laptop; 
external Rb clock; mWISP unit; two solid-state, 24 VDC, 10 A-h LiFePO4 batteries; and GPS 

antenna on the right and (b) the station backpack shouldered for transport. 

    

For the sounding measurements presented here, the Tx station used a Cre-
ative Design CLP 5130-2 log-periodic directional antenna with a 60-degree 
half-power beam width and a forward gain of 12 dBi. The cable between 
the Tx mWISP front end and the antenna attenuated the transmitted sig-
nal by roughly 2 dB. The Rx station used a Diamond Antenna D220 

(a) (b) 
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discone omnidirectional antenna with approximately 3 dBi of gain. The Rx 
cable between the station antenna and the Rx mWISP front end attenu-
ated the received signal by roughly 1 dB. The motivation for using a direc-
tional antenna at the Tx was to pointedly deliver signal power to promi-
nent topographic features in the environment. 

2.6 Channel sounding waveform 

The channel sounding waveform is a maximal length PN sequence (m-se-
quence) (Salous 2013). A linear feedback shift register implemented in Py-
thon (Python Core Team 2017) using the NumPy module (van der Walt et 
al. 2011) generates the 65535-bit m-sequence. The waveform is direct-se-
quence spread-spectrum (Rappaport 2002; Pickholtz et al. 1982; Newhall 
et al. 1996), binary phase-shift keying (BPSK) modulated. 

The waveform is a continuously repeated PN period (i.e., −1 s and +1 s) 
with a period of silence (i.e., 0s) to synchronize the waveform with the 
1 PPS edge. The number of continuous PN period repeats and the exact 
length of the zero padding both depend on the transmitted waveform 
bandwidth. Over each second, hundreds of periods of the PN sequence are 
transmitted and captured, each of which generates a complete power–de-
lay-profile trace after postprocessing. 

The theoretical processing gain from the cross-correlation of an m-se-
quence is dependent on the sequence length and the number of times each 
bit in the sequence is repeated (Sousa et al. 1994):  

 10 log10 �
𝑃𝑃𝑁𝑁 𝐿𝐿𝑒𝑒𝑛𝑛𝐿𝐿𝑡𝑡ℎ
𝑅𝑅𝑒𝑒𝑅𝑅𝑒𝑒𝑅𝑅𝑡𝑡 𝑉𝑉𝑅𝑅𝑉𝑉𝑉𝑉𝑒𝑒

� . (8) 

For instance, using the 65535-bit m-sequence and a repeat value of one, 
the theoretical maximum processing gain is approximately 48 dB. 

The waveform for the channel measurements in this paper uses a 65535-bit 
m-sequence with a repeat value of two; thus, the m-sequence period was 
doubled to 131070 bits, and the effective null-to-null bandwidth of the sig-
nal was 12.5 MHz (Rappaport 2002). The range extent of this PN length is 
orders of magnitude greater than the ones to tens of kilometers that are rel-
evant for ground-to-ground UHF communication systems (i.e.,  
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1/(12.5e6 MS/s) × (131070 bits) × (299.7e6 m/s) ≈ 3100000 m = 3100 km). 
For the channel sounding system in this paper, differences in CIR estima-
tion with respect to measurement integration time are considered negligi-
ble after 1 second (i.e., each CIR trace completes in 1/(12.5e6 MS/s) × 
(131070 bits) = 0.0104856 s, thus a 1 second measurement integrates over 
95 complete CIR traces). 

An in-depth discussion of m-sequences, including linear feedback shift 
register−based generation of PN sequences and the frequency spectrum of 
PN sequences, can be found in Salous (2013). 

2.7 System resolution and uncertainty 

The maximum operational bandwidth of the system is 25 MHz (and the 
maximum sampling frequency is 25 MS/s), corresponding to a temporal 
resolution of 40 ns. This temporal resolution is a limitation of the mWISP 
URSP and is not exceptionally noteworthy in the channel sounding com-
munity. Many modern channel sounding systems have effective opera-
tional bandwidths that are hundreds of megahertz (Durgin et al. 2003; 
Ghassemzadeh et al. 2004; Li et al. 2017), providing temporal resolutions 
in the single nanoseconds. On the other hand, the compactness of the 
mWISP units enables our system to be entirely foot portable. Thus, the 
limited temporal resolution of the system is a tradeoff for system portabil-
ity. 

A waveform repeat value of two reduces the temporal resolution of the sys-
tem from 40 ns (at the max sampling rate of 25 MS/s, given that BPSK 
modulation results in one symbol per bit) to 80 ns, but the spatial scales of 
the topographic features of interest far exceed the 24 m spatial resolution 
that corresponds to the reduced temporal resolution (i.e., 299.7 m/µs × 
0.08 µs = 24 m). 

Sources of system temporal uncertainty include the following: 

• The transmit and capture routines programmed in each mWISP ini-
tiate on the next 1 PPS GPS edge after activation via the mWISP 
graphical user interface (GUI). The uncertainties associated with 
these routines are well-documented (mWISP Team 2016) and are 
functions of the transmission bandwidth and sampling rate settings 
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in the Tx and Rx mWISP GUIs, respectively. At a transmission 
bandwidth of 25 MHz and Rx sampling rate of 25 MS/s, the Tx 
mWISP transmit uncertainty is ±100 ns, and the Rx mWISP cap-
ture uncertainty is ±100 ns. 

• The 1 PPS GPS signals from the two Rb clocks fire at slightly differ-
ent times. We measured the 1 PPS GPS signal offset for nearly 40 
hours continuously and found that the offset roughly assumed a 
normal distribution. We set the uncertainty contribution from the 
Rb clocks to be ±30 ns (three times the standard deviation of the 
data set). 

These uncertainties are independent; and therefore, they are summed in 
quadrature to determine the system-wide temporal uncertainty, which we 
report to be ±145 ns (i.e., √(1002 + 1002 + 302) ≈ 145 ns). This temporal 
uncertainty corresponds to a spatial uncertainty of ±44 m. 

2.8 Postprocessing 

The Rx captures in-phase and quadrature (IQ) RF data and stores the data 
onboard the mWISP in binary form. Data are postprocessed using a fast 
cross-correlation algorithm implemented in Python (Python Core Team 
2017) using the NumPy module (van der Walt et al. 2011). The algorithm 
correlates a single, zero-padded, original PN sequence period (i.e., x[t]) 
with the signal captured at the Rx (i.e., y[t]), yielding a series of CIR 
curves. With reference to equations (5)–(7), cross-correlation approxi-
mates the CIR according to 

 ℎ[𝜏𝜏] ≅ 𝐹𝐹−1�𝐹𝐹(�̅�𝑥[𝑡𝑡])𝐹𝐹(𝑦𝑦[𝑡𝑡])�. (9) 

Here, F−1(·) is the Inverse Fast Fourier Transform; h[τ] is the CIR; 
𝐹𝐹(�̅�𝑥[𝑡𝑡]) is the Fast Fourier Transform of the complex conjugate of 𝑥𝑥[𝑡𝑡]; and 
F(y[t]) is the Fast Fourier Transform of the received signal IQ data. After 
data handling, the result is a two-dimensional matrix of CIR traces 
through time. CIR data points are proportional to signal voltage with re-
spect to time delay. 

The power–delay profile, introduced in section 2.4, is normalized during 
postprocessing to be 
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 𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚[𝜏𝜏] = 10 log10〈|ℎ[𝜏𝜏]|2〉 − max (10 log10〈|ℎ[𝜏𝜏]|2〉). (10) 

Here, the CIR quantity h[τ] is calculated from the raw IQ data and is in 
units of proportional to volts. Upon squaring and taking the logarithm, 
each term in equation (10) is in units of power proportional to dBm. How-
ever, each term in equation (10) is not in units of absolute power because 
the cross-correlation is completed in the frequency domain (equation [9]) 
and is not easily normalized like the definition of the time-domain cross-
correlation (equation [4]). Rather, the power–delay profile, Pnorm[τ], is 
normalized to the maximum received power and is presented in units of 
dB (i.e., the highest power profile point being 0 dB) with respect to abso-
lute time delay. The use of normalized power is sufficient because quanti-
tative analysis of power–delay profile time dispersion is still valid and is 
the priority for this study. 

The captured sounding waveform gives rise to hundreds of power–delay-
profile traces every second (the exact number being a function of the 
transmission bandwidth and corresponding Rx sampling rate). Power–de-
lay-profile traces are averaged (in linear units of power proportional to 
watts) to reduce correlation noise peaks, which are assumed to be uncorre-
lated between measurements and uncorrelated with the desired signal. 
The degree of noise smoothing is related to the number of traces averaged, 
N. The power–delay-profile signal-to-noise ratio (SNR) improves accord-
ing to 20log10(N). For example, if a 25 MHz bandwidth, repeat 1 signal is 
captured at the Rx using a 25 MS/s sampling rate, a total of 380 power–
delay-profile measurements are made and subsequently averaged, result-
ing in an SNR enhancement of nearly 52 dB. Note that this averaging re-
quires the assumption that the WSSUS channel model is valid (e.g., chan-
nel statistics do not change over the duration of time averaging). 

2.9 Frequency-selective fading 

The delay or time spreading of a signal can lead to intersymbol interfer-
ence and frequency-selective fading in the signal passband at the Rx. In-
tersymbol interference occurs when the same signal symbol arrives at sev-
eral different times due to multipathing, leading to bit errors at the receiv-
ing station. Frequency-selective fading occurs when multipath compo-
nents arrive at the receiving station near 180 degrees out of phase with one 
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another, causing deconstructive interference. This deconstructive interfer-
ence results in steep drops in signal power at specific frequencies across 
the signal passband (Sklar 1997). 

The occurrence of frequency-selective fading can be determined by in-
specting the power–delay profile. An amplitude threshold is applied to the 
power–delay profile, which removes very low power noise (i.e., the “noise 
floor”). The resulting profile includes only data points above the threshold. 
(See the following section, section 2.10, for a more in-depth discussion of 
thresholding.) Frequency-selective fading results if the duration of the 
thresholded power–delay profile, τMax, exceeds the signal symbol period, 
TS. In BPSK modulation, like that employed by the system here, one bit is 
transmitted per symbol, and the bit rate is equivalent to one-half the null-
to-null transmission bandwidth, W (Rappaport 2002). Thus, the symbol 
period is equivalent to two times the inverse of the transmission band-
width, Ts = 2/W (Sklar 1997). For the data presented here, the transmitted 
signal bandwidth is 25 MHz with a repeat value of 2, which results in an 
effective null-to-null bandwidth of 12.5 MHz. Thus, the symbol period is 
80 ns (i.e., 2/12.5e6 = 80 ns). In summary, if the maximum excess delay 
exceeds the symbol period of 80 ns, frequency-selective fading is observed. 
Furthermore, it is irrelevant if an 80 ns interval includes power from one 
or multiple multipath components; if the sum of the component ampli-
tudes does not exceed the threshold, it will not be considered for fre-
quency-selective fading or channel statistics of any kind. Frequency-selec-
tive fading was the rule rather than the exception in our study areas, where 
the range extent and surface roughness scales of mountainous features 
ranged from tens to thousands of meters. 

2.10 Channel statistics 

An important channel statistic in the time domain is the root mean 
squared (RMS) delay spread, which is the power-weighted second central 
moment of the data points in the power–delay profile that lie above a cor-
relation noise-floor threshold. The RMS delay spread is defined as (Rap-
paport 2002)  

 
𝜎𝜎𝜏𝜏 = �𝜏𝜏2 − (𝜏𝜏)2 (11) 
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where  

 
𝜏𝜏 = �

∑ 𝑃𝑃(𝜏𝜏𝑖𝑖)𝜏𝜏𝑖𝑖2𝐿𝐿
𝑖𝑖=1
∑ 𝑃𝑃(𝜏𝜏𝑖𝑖)𝐿𝐿
𝑖𝑖=1

. (12) 

Here, L is the total number of power–delay-profile data points, τi is the de-
lay time of the ith data point, and P(τi) is the power of the ith data point in 
units of milliwatts. 

A threshold separates meaningful power–delay-profile data points from 
the noise floor. Others in the literature set a static power–delay-profile 
threshold based on a need for communications analysis at 10, 20, and even 
40 dB below the maximum received power, such as in Rappaport (2002), 
Kim et al. (2015), Joshi et al. (2005). Others investigated the influence of 
this threshold on channel statistics, such as in Ghassemzadeh et al. 
(2004). 

Here, we dynamically set a threshold by 

1. identifying a representative segment of noise in each power–delay profile 
by locating a fixed-length segment exhibiting the lowest average power in 
the profile, 

2. calculating the average and standard deviation of this representative noise 
segment in units proportional to watts, and 

3. setting the threshold equal to the average noise floor plus 10 times the 
standard deviation of the noise segment. 

We created this dynamic threshold algorithm because a static threshold 
occasionally excluded important power–delay-profile features that 
matched known topographic features after geospatial analysis. Further-
more, measured power–delay profiles exhibit significantly different SNR 
values, from roughly 10 dB to well over 30 dB, making the selection of a 
reasonable static decibel threshold difficult. (While cross-correlation of the 
channel sounding waveform does provide substantial noise rejection, envi-
ronments with high RF noise cause the profile correlation noise floor to 
rise substantially in some cases, e.g., in urban areas, leading to SNRs as 
low as 5 dB or less. We observe this phenomenon even with in-line pass-
band filters upstream of the receiver USRP.) 
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We find that this dynamic threshold algorithm effectively separates 
power–delay-profile data points from the noise floor. Varela and Sanchez 
(2001) discuss other methods for setting the power–delay-profile noise-
level threshold. 

2.11 Geospatial analysis 

In the mountains, the primary structures impacting the power–delay-pro-
file shape are topographical features. Therefore, performing geospatial 
analyses for the various channel sounding Tx and Rx geometries can pro-
vide significant insight into the bistatic distance, and thus delay time, for a 
given reflecting patch of mountainside. The spatial resolution of the geo-
spatial analysis (i.e., raster pixels ~8 m on a side, depending on the projec-
tion using readily available elevation datasets) is comparable to that of the 
effective temporal resolution of the channel sounding system discussed in 
section 2.7 (i.e., 299.7 m/µs × 0.08 µs = 24 m). Given the coordinates and 
elevations of the Tx and Rx, relatively straightforward geospatial pro-
cessing generates a number of useful products from a study area digital el-
evation model (DEM): 

• Separate viewsheds for Tx and Rx. A viewshed is the region of a 
DEM that is (optically) visible from the point of interest. 

• Covisible regions for the Tx and Rx pair (i.e., both the Tx and Rx 
have LOS to the regions in question). The Tx and Rx viewsheds are 
combined through an and operation to yield the regions directly 
viewable from both locations. For UHF signals, the covisible regions 
are a reasonable approximation of the primary reflecting surfaces in 
the NLOS channel. The magnitude of the reflected power from a 
given patch should be approximately proportional to its area, mak-
ing the simplifying assumption of constant reflectivity and ignoring 
the effects of slope and aspect on scattering. 

• Three-dimensional (3-D), bistatic distance from the Tx to a co-
visible DEM point to the Rx (assuming a reflected path). From this 
data, contours of constant delay time are created, allowing the pre-
diction of the arrival times of a reflection from a given covisible 
patch of mountainside. 
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Geospatial analysis is needed to identify the locations of important topo-
graphic reflectors within the measurement area because the Rx antenna 
was omnidirectional (which is consistent with typical and practical anten-
nas used in the field). The assumption is made that, in general, primary re-
flected paths between Tx and Rx stations are the most important, and 
multi-reflected components are of less importance. The proper operation 
of the channel sounding system is verified by matching peaks in the 
power–delay profile with topographic features that share the same bistatic 
delay times. 

Open-source geographic information system (GIS) software, QGIS (QGIS 
Development Team 2017), performed the geospatial analyses, supple-
mented by Python (Python Core Team 2017) scripting. DEMs were derived 
from the 1/3 arc-second elevation database accessed via the U.S. National 
Map (Dollison 2010). The elevation data were projected into the appropri-
ate Universal Transverse Mercator coordinate systems (i.e., 19N for Great 
Gulf and Franconia Notch studies areas; 18N for the Lyme area) to allow 
straightforward calculation of distances between points within the DEM. 
Earth curvature was ignored in the viewshed calculations, as the typical 
ranges to covisible reflectors are 15 km or less. Viewshed analyses and con-
touring within QGIS were performed with the r.viewshed and r.con-
tour.step modules of the Geographic Resources Analysis Support System 
(commonly known as GRASS) (Haverkort et al. 2009; GRASS Develop-
ment Team 2017; Neteler et al. 2012). The Rasterio Python module (Gillies 
et al. 2013) enabled the calculation of bistatic distances and delay times as 
a function of geographic location. 

The resulting bistatic delay time contours were overlaid directly on the 
DEM and covisible area GIS layers, enabling both verification of proper 
channel sounding system timing and insight into the intimate relationship 
between the geometry of mountainous regions and the RF channels that 
the mountains create. 
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3 Channel Measurement Results 

We performed channel sounding measurements in three mountainous 
study areas in New Hampshire to test the system in several different geog-
raphies. The tests, conducted at a center frequency of 437 MHz for only bi-
static Tx–Rx configurations, verify proper correspondence of the power–
delay profiles with various topographic reflectors identified by geospatial 
analysis. Figure 2 shows the study areas, which generally lie within the 
northeast–southwest belt of mountainous terrain running across the state. 
We present these areas in order of increasing topographic and channel 
complexity: Franconia Notch, Great Gulf Wilderness, and finally Lyme, the 
last of which counterintuitively features both the lowest topographic relief 
and the most complex channel characteristics. 

Figure 2.  The state of New Hampshire and the three-
channel sounding study areas. 
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We present four example power–delay profiles from the three study areas: 
one from Franconia Notch, one from the Great Gulf Wilderness, and two 
from Lyme. Frequency-selective fading is observed in every power–delay 
profile presented as the maximum excess delay time, τMax, introduced in 
section 2.9, which far exceeds the symbol period of 80 ns. The power–de-
lay profiles have very different noise-floor power levels, a consequence of 
having a wideband SDR without analog preselection filtering on the Rx 
front end (Papazian and Lemmon 2011). For measurements in particularly 
remote locations, the RF noise was minimal. However, in closer proximity 
to cell towers, repeaters, and populated areas, the Rx suffered more RF 
noise. 

3.1 Franconia Notch study area 

Franconia Notch is a narrow, postglacial valley that creates a NLOS chan-
nel around the prominent base of Cannon Mountain immediately to the 
west of the Tx location, as shown in Figure 3b. The valley floor is approxi-
mately 500 m below the surrounding mountain ridges. The valley floor 
and the slopes up to the ridgelines are covered in dense, coniferous forest 
with patches of exposed bedrock. A LOS path between the Tx and Rx 
would require 5.7 µs of travel time. Geospatial analysis of this area shows a 
covisible patch, labeled A in in Figure 3b, along the eastern wall of the 
Notch with predicted reflection arrival times of 6–13 µs. Beyond this, no 
single scattered paths exist between the Tx and Rx, thus we have a simple 
NLOS channel formed by a single, geospatially contiguous reflector. 

Figure 3a shows the power–delay profile measured in Franconia Notch, 
indicating a weak arrival at 5.8 µs (likely diffraction around the base of 
Cannon Mountain) followed by a rapid rise in power, peaking at 6.4 and 
8.1 µs. Beyond 8 µs, we have a significant reduction in covisible area; and 
past 13 µs, the covisible area drops to zero. The power–delay profile takes 
on at least two distinct slopes: −2.8 dB/µs on 8–13 µs and −1.1 dB/µs on 
13–23 µs, suggesting that the channel is influenced by regions beyond the 
covisible ones. The 13–23 µs bistatic delay time segment encompasses the 
west-facing slopes of Mt. Lafayette and the Franconia Range (labeled re-
gion B along the eastern side of Figure 3b), which are likely the cause of 
the received signal during this time period.
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FFigure 3. Sounding results (5 s capture time for each profile) coupled with geospatial analysis. Covisible regions are highlighted in red, and
concentric blue rings show bistatic path delay time on the maps: (a) power–delay profile from Franconia Notch, (b) map of the Franconia

Notch area, (c) power–delay profile from the Great Gulf Wilderness, and (d) map of the Great Gulf Wilderness area.
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3.2 Great Gulf Wilderness study area 

The Great Gulf Wilderness is a large, postglacial valley surrounded by the 
tallest peaks in the White Mountains with approximately 1000 m of relief, 
as shown in Figure 3d. The terrain is covered by dense, coniferous forest, 
giving way to scree fields and exposed bedrock at higher elevations. The 
study area is surrounded by the Presidential Range to the north and west, 
and the Carter Range lies about 10 km to the east. This map shows a com-
plex geospatial scenario with many separate covisible patches, some of 
which overlap in bistatic delay time. 

The corresponding Great Gulf Wilderness power–delay profile is shown in 
Figure 3c, showing three distinct clusters of power from separate topo-
graphic reflectors. The Tx–Rx pair was separated by 1.16 km horizontally 
and 453 m of elevation with no LOS existing between the stations. The first 
cluster is associated with reflections from within the confines of the Great 
Gulf itself, which has covisible areas with bistatic delays from 6 to 23 µs. 
The second cluster, from 37 to 60 µs, is composed of reflections from the 
Carter Range; and the final cluster, around 80 µs, is a reflection from Mt. 
Moriah, some 14 km to the northeast of the Tx–Rx pair. 

While many of the covisible patches overlap in delay time within these 
clusters, individual propagation paths and reflectors can be still be identi-
fied, as shown in the inset of Figure 3c. The earliest arriving component at 
4.5 µs is most likely diffracted downslope from the Tx to the Rx, as the di-
rect LOS path delay is predicted to be 4.15 µs based on the 3-D separation 
distance of 1.25 km. Reflections from the patches labeled A arrive at 7.5 µs, 
followed by the two large areas labeled B, which reflect signals from 11 to 
17 µs. The reflecting patch labeled C just below the summit of Mt. Adams 
appears at 16 µs and is the last distinct reflector we observe within the 
Great Gulf proper. 

The more distant reflections from the Carter Range and Mt. Moriah have 
geospatially plausible first arrival times and reflection durations of 25 and 
7 µs, respectively, consistent with the spatial extent of the covisible areas D 
and E shown in Figure 3d. 
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3.3 Lyme study area 

The Ranger Trail and Acorn Hill Road areas are within the town of Lyme, 
New Hampshire. The terrain is mainly dense, mixed forest covering rolling 
hills and deep ravines with patches of open fields in low areas. The hills 
provide 300–600 m of relief and are mostly tree covered, including the 
summit of Smarts Mountain, the highest point in the study area at an ele-
vation of 985 m. We show two examples from this area: a measurement 
made on foot on the Ranger Trail and a roadside measurement on Acorn 
Hill. 

3.3.1 Ranger Trail  

This geometry involves a severely NLOS Tx–Rx configuration with the Rx 
along the Ranger Trail; Figure 4a and b show the power–delay profile and 
bistatic delay map, respectively. In this geometry, the first arrival at 
20.8 µs is very close to the minimum possible delay time of 20.7 µs based 
on a 6.20 km direct 3-D Tx–Rx separation, suggesting that signal compo-
nents reach the Rx via the small covisible area labeled A or possibly dif-
fract directly over Lambert Ridge. The covisible patch B on the same ridge-
line covers the 22.5–25 µs period and has three distinct reflectors visible 
in the power–delay profile. The strongest propagation paths occur in two 
separate arrivals at 29.4 and 30.6 µs, corresponding to patches C and D, 
respectively, both near the summit of Smarts Mountain. The covisibility 
analysis does not predict the 40–49 µs arrival shown in the power–delay 
profile, suggesting that diffraction and subsequent reflection may be the 
responsible type of propagation path during this time period. The last re-
turn at 73.5 µs is from the covisible patch on Thompson Hill, labeled E in 
Figure 4b, approximately 13.6 km from the Tx. 

3.3.1 Acorn Hill 

This geometry includes both LOS and multiple overlapping reflection arri-
vals as seen in Figure 4c. Figure 4d shows the bistatic delay map for this 
geometry and the large covisible areas, which overlap in delay time. These 
overlaps and the number of separate covisible patches give rise to our 
most complex channel.  
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FFigure 4. Sounding results (5 s capture time for each profile) coupled with geospatial analysis. Covisible regions are highlighted in red, and
concentric blue rings show bistatic path delay time on the GIS maps: (a) power–delay profile from Ranger Trail in Lyme, (b) map of the

Ranger Trail area, (c) power–delay profile from Acorn Hill in Lyme, and (d) map of the Acorn Hill area.
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The covisibility analysis indicates that the Tx and Rx have LOS in this ge-
ometry; and we observe the first arrival at 5.0 µs, compared to the mini-
mum possible delay time of 4.85 µs based on the 1.45 km Tx–Rx separa-
tion. The 0.15 µs disagreement in arrival time is consistent with the overall 
timing uncertainty of the system. Covisible patch B is observed in the 
power–delay profile from 8 to 12 µs, followed by multiple overlapping arri-
vals from patches C through H, corresponding to delay times of 15–39 µs. 
Patches I, J and K, all located in the vicinity of the Smarts Mountain sum-
mit, are clearly separated in the power–delay profile and match the geo-
spatially predicted arrival times within the timing uncertainty of the 
sounding system. 

3.4 Channel statistics 

The four power–delay profiles presented here are quite different in charac-
ter but all arise from channels in mountainous terrain. We plotted the 
RMS delay spread (equation [11]) with respect to 3-D Tx–Rx separation 
distance for 79 total measurements in the three study areas, as shown in 
Figure 5, for a broad comparison of channel character between the three 
study areas. (Lyme data are broken into three subsets, as shown in the leg-
end.) 

Figure 5.  RMS delay spread data presented as a 
function of 3-D Tx–Rx separation distance for the 
three main study areas. A total of 79 profile RMS 

delay spreads are reported. 
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The clustering effects observed in Figure 5 suggest that different locations 
generate a wide variety of time dispersion behaviors in the channel de-
pending on the terrain and the geometry of the communicating stations. 
Channel statistics may be drastically different between mountainous areas, 
whether communications occur adjacent to or within the mountains and 
whether communicating stations are at similar elevations. Additionally, 
these variations may be related to geomorphometric concepts that can 
quantitatively describe the shape and spatial frequency of land surface 
structures (Pike 1988, 2000). 
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4 Discussion 

For both simple (e.g., Franconia) and complex (e.g., Lyme) channels, we 
find good agreement between the measured power–delay profiles and the 
corresponding geospatial analyses. Major reflectors are observed within 
about 150 ns of the geospatially predicted bistatic delay time, consistent 
with the known timing uncertainties of the sounding system. Diffraction 
effects, not currently included in the geospatial analysis workflow, do ap-
pear to impact the channel in measureable ways and were observed in all 
four of the examples shown here. Important multipath components in 
NLOS channels appear to be dominated by primary reflection but also may 
include paths that involve multiple diffraction and/or reflection instances. 

Beyond simple verification of the sounding system, this dataset gives in-
sight into the wide variety of RF channels existing in mountainous terrain 
and their intimate relationship to the shared geometry of the Tx, Rx, and 
environment. Geospatial analysis appears to be a useful method of channel 
characterization in mountainous terrain where large spatial scales and 
rough reflecting surfaces (i.e., sub-λ to tens of meters in scale) make com-
putational approaches burdensome. Ray-tracing models might provide a 
valuable comparison to the experimental work presented herein (Vitucci et 
al. 2015). However, we note that ray tracing generally applies to geome-
tries with dimensions that are much greater than the signal wavelength; 
and thus, surface roughness effects would likely be lost by ray-tracing 
analysis.  
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5 Conclusion 

In this report, we introduce a portable, spread-spectrum, SDR-based 
channel sounding system and validate the system using geospatial analy-
sis. The system maintains a temporal uncertainty of ±145 ns (spatial un-
certainty of ±44 m) and exhibits 30-plus dB of dynamic range. Power–de-
lay profiles characterizing the UHF channel in three study areas demon-
strate the intimate relationship that exists between the shared geometry of 
the Tx, the Rx, and the surrounding topography. 

RMS delay spread measurements from the three study areas exhibit obvi-
ous clustering effects, suggesting that channel statistics in one mountain-
ous area will not necessarily be applicable in other areas. Thus, channel 
statistics may be an inadequate method of general channel characteriza-
tion for RF propagation and communication planning tools in mountain-
ous terrain. 

A greater understanding of how local topography influences RF propaga-
tion may improve propagation planning tools. Such improvements would 
empower field-deployed ground stations, such as military forces in denied 
territory or rescue personnel in the backcountry, with improved UHF com-
munications decision making. Specifically, we hypothesize that the exploi-
tation of specific topographic features as purposeful RF signal reflectors 
may improve ground communications in mountainous terrain. This hy-
pothesis is supported by the measurements presented here and motivates 
future work on RF propagation in the mountains. 
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6 Future Work 

We made improvements to the channel sounding system in preparation 
for the 2017 field season. Coaxial bandpass filters now provide analog pre-
selection filtering, thereby reducing interference suffered at the Rx. The Tx 
station is backpack-mounted like the Rx station, so the entire system is 
fully mobile. Both stations have identical power amplifiers, thereby ena-
bling full-functioning, two-way channel sounding in mountainous terrain. 
During the 2017 field season, we successfully collected two-way channel 
sounding measurements in the Lyme and Great Gulf Wilderness study ar-
eas. We hope to use these data to test the validity of assumptions regard-
ing channel reciprocity in mountainous channels. 

The data and analysis presented in this report do not exploit the long cap-
ture times that the system is capable of measuring (i.e., up to 60 seconds 
continuously). Future work could investigate the transience of total signal 
power through time and the power and phase within specific bins of the 
power–delay profile through time. Resulting measurements could then be 
compared to theoretical fading distributions to show a unique snapshot of 
channel transience and quality in the mountains. 

We aim to deterministically estimate power–delay profiles for NLOS chan-
nels in mountainous terrain by augmenting our geospatial analysis. Incor-
porating mountain slope, aspect, antenna patterns, and reflectivity infor-
mation could form the basis for this type of estimation, like that discussed 
in Driessen (2000) and Xiao et al. (2010). Theoretical power–delay pro-
files for complex Tx, Rx, and environment geometries could then be vali-
dated using our portable channel sounding system. The creation of such a 
model is currently in progress. Furthermore, useful comparisons could be 
made with existing theoretical models, like Remcom’s Wireless InSight 
X3D ray-tracing model (Remcom 2016). 
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